We employed hi-TAIL-PCR to identify T-DNA loci in our Arabidopsis activation tagging library and only a total of 28 (39%) insertion sites from 72 samples were characterized when the recommended primer pools, C1 and C2 were used. By comparison, we found C1 harboring relatively low degeneracy was more efficient to amplify the flanking sequences of T-DNA insertion than C2. We replaced the degenerate sequences in long arbitrary degenerate (LAD) primers with a piece of 16-bp degenerate sequence originally used in TAIL-PCR, which had the relatively low degeneracy. Our results showed that the new LAD primer pool N increased the valid amplifications and a total of 37 (51%) T-DNA loci were identified, indicating a more effective amplification of T-DNA flanking sequences in A. thaliana.
Introduction
T-DNA insertion and transposon-based mutant libraries have been extensively used to explore the gene function in planta (Chang et al. 2012; Osborne et al. 1995; Hsia et al. 2017; Kondou et al. 2010; Weigel et al. 2000; Marsch-Martinez et al. 2002; Alonso et al. 2003) . To determine the T-DNA loci integrated in the genome, thermal asymmetric interlaced PCR (TAIL-PCR) has been widely used to amplify the flanking sequences adjacent to the insertion sites due to its simplicity, sensitivity, low cost and high-throughput screening (Miyao et al. 2003; . The efficiency of TAIL-PCR was further improved by simultaneously using several pieces of arbitrary degenerate primers (AD primer pool) during PCR reaction, named as high throughput TAIL-PCR (ht-TAIL-PCR) (Singer and Burke 2003; Sessions et al. 2002) . However, both TAIL-PCR and ht-TAIL-PCR tend to produce many false positive and small bands which usually provide little information about the flanking sequences (Sessions et al. 2002; Wu et al. 2015) . Based on the suppression-PCR, Liu and Chen (2007) reported a high-efficiency TAIL-PCR (hi-TAIL-PCR) technique by introducing long arbitrary degenerate (LAD) primers and setting alternative cycles of high-and low-stringency (TAIL-cycle), which significantly inhibits the amplification of small and false positive bands and thus increases the PCR efficiency to amplify the target sequences.
We conducted hi-TAIL-PCR to screen T-DNA insertion sites in the home-made activation tagging mutant library. However, we encountered some problems in efficiently amplifying T-DNA flanking sequences. In this study, we replaced the degenerate sequences in long AD primers with 16-bp degenerate sequences originally used in TAIL-PCR and the new primers obviously improved the efficiency to amplify the T-DNA flanking sequences in A. thaliana.
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Materials and methods
Plant transformation and growth
Genetic transformation of plant through Agrobacterium tumefaciens harboring the plasmids (pBASTA-AT2) was conducted by vacuum infiltration as described previously (Clough and Bent 1998) . The transgenic lines were screened from the seedlings grown on 1/2 MS medium, containing 1% sucrose, 0.3% gelrite and 10 μg/ml of glufosinate-ammonium (Basta, Sigma), for 10 days (18 h light/8 h dark) and then transferred to soil. The leaves of T 1 seedlings were used for genomic DNA isolation.
Genomic DNA isolation
Extraction of high-quality genomic DNA followed the protocol described previously (Stephen et al. 1983) . Briefly, two fresh leaves (1-2 cm 2 ) were used to extract genomic DNA. DNA pellet was air-dried and finally re-suspended in 80 μl of DNase-free double-distilled water for further analysis.
Primer design and hi-TAIL-PCR
The primers used in this study were listed in the Supplementary Table S1 . For hi-TAIL-PCR, three nested specific primers, TLB1, TLB2 and TLB3, were designed according to the pBASTA-AT2 left border sequences. TLB2 carried a 14-bp sequence at 5′ terminal identical to piece of AC1 (Liu and Chen 2007) to suppress the amplification of small fragments in primary PCR reactions. Four pieces of LAD primers including a AC1 sequence, a NotI recognition site, and variable degenerate sequences at 3′ terminal. The new degenerate LAD (N-LAD) primers were generated by replacing the 3′ terminal degenerate sequences of LAD primers with AD primers used in TAIL-PCR , without NotI sequence. The T m values were calculated according to the formula, T m = 69.3 + 41 × GC% − 650/L (L = primer length) (Mazars et al. 1991) .
The hi-TAIL-PCR including pre-, primary-and secondaryamplification was performed according to the procedures previously described (Liu and Chen 2007) . For pre-amplification, the N-LAD 1, 2, 3 and 4 were used as AD primer pool (pool N). The primers, LAD1 plus LAD3 and LAD2 plus LAD4, were used as control pools and named as pool C1 and pool C2, respectively.
DNA sequencing and mapping of T-DNA insertion sites
The primary and secondary products were separated on 1% agarose gel and those secondary PCR products running faster than primary PCR products, were isolated for sequencing with primer TLB3. To determine the T-DNA insertion location, the obtained sequences were subjected to BLAST search in NCBI database (https://blast.ncbi.nlm.nih.gov/ Blast.cgi). The positive sequences should contain a short sequence (60-150 bp) of the T-DNA left border and the flanking sequences adjacent to the 3′ terminal. The insertion sites were mapped to the A. thaliana genome based on the flanking sequences.
Results and discussion
To obtain the flanking sequences of plasmid pBASTA-AT2 integrated in A. thaliana genome, we employed the hi-TAIL-PCR to amplify the flanking sequences for mapping T-DNA insertion site. We followed the protocols and long arbitrary degenerate (LAD) primer pools (C1 and C2) as previously described (Liu and Chen 2007) and found that the length of the majority of amplified fragments was between 500 and 1000 bp (Fig. 1a, b ) and the PCR products more than 1000 bp in length could only be detected from 20 (~ 28%) and 11 (~ 15%) samples after pre-, primary and secondary amplification using primer pool C1 (LAD1 and LAD3) or C2 (LAD2 and LAD4) from 72 independent samples, respectively (Table 1) . Those small PCR products less than 1 kb were mostly non-specific amplification of T-DNA backbone after sequencing.
It has known that the features of LAD primers including the degeneracy, length, GC content and Tm value, were the crucial factors to guarantee the successful amplification of the flanking sequences in hi-TAIL-PCR (Singer and Burke 2003; Liu and Chen 2007) . From the agarose gel analysis, primer pool C1 seemed more efficient to amplify valid products than C2 (Fig. 1a, b and Table 1 ). We analyzed the primer sequences and found that primers in pool C1 and C2 had similar degeneracy, GC content and Tm value as well (Supplementary Table S1 ). However, a previous study reported that primer with a thymine at the 3′ end was more degenerate than that with an adenine and the presence of a thymine at the 3′ end in the primer made more efficient amplification (Kwok et al. 1990 ). Hence, the LAD primers in pool C2 (GGTT and CGGT at 3′ end) should have relative high degeneracy than those in C1 (GGAA and CCAA at 3′end). However, the efficiency of amplifying valid products by pool C1 was better than that of C2 (Fig. 1a, b and Table 1 ).
Based on the above results, we replaced the degenerate sequences in LAD primers with a piece of 16-bp degenerate sequences originally used in TAIL-PCR to generate N-LAD primers, which reduced the degeneracy of initial LAD primers (Supplementary Table S1 ). Four pieces of N-LAD primers (N-LAD1-4) composed the primer pool N. We then tested the efficiency of the primer pool N in hi-TAIL-PCR. Long PCR products (> 1 kb) could be detected from 44 of 72 samples (more than 60%) and the average number of amplified bands were 2.5, more than those amplified with pool C1 or C2 (2.0 for pool C1 and 1.9 for pool C2) (Table 1) . Furthermore, the size of PCR products amplified with primer pool N was usually bigger than that amplified with C1 and C2 (Fig. 2) . After sequencing, we confirmed the flanking sequences of 37 (51%) from 72 independent samples could be amplified with pool N. Comparably, 19 (26%) and 11 (15%) samples were identified with C1 and C2, respectively (Table 1 ). In addition, we also compared the efficiency between TAIL-PCR using the original AD primers and hi-TAIL-PCR with N-LAD primers. While, only 8 flanking sequences from 24 samples were obtained (Supplementary Fig. S1 ), even lower than pool C1 and C2 working in hi-TAIL-PCR, indicating that N-LAD primers were more efficient in hi-TAIL-PCR to screen T-DNA insertions in A. thaliana genome.
The N-LAD primers greatly improved the efficiency of screening T-DNA insertion. Even so, it could not completely replace pool C1 and C2. As shown in Fig. 1 some clearer bands appeared in samples of 3, 8, 9, 11, 12 and 20 when the pool N was used. Comparably, the pool C1 amplified more distinct bands in samples of 6, 13, 16, and 21 than the pool N. The primers in pool N has lower degeneracy and GC content than those in pool C1. To figure out the amplification differences between two groups of primers, we extracted the DNA fragments from the above samples for sequencing and analyzed the GC content of the flanking sequences adjacent to AD primer binding sites. The results showed that two groups of sequences exhibited the similar GC variation from 20 to 50% ( Supplementary Fig. S2 ), suggesting that the binding preference of C1, C2 and N were not closely related to GC content. In term of the hi-TAIL-PCR results, we obtained 51 (71%) of the T-DNA insertion sites from 72 samples with three primer pools (Table 1) . In brief, we increased the valid amplification of T-DNA flanking sequences via reducing the degeneracy of LAD primers in hi-TAIL-PCR, suggesting the lower-fold degeneracy pool N was more appropriate to screen the T-DNA insertions in A. thaliana. However, the relative low degeneracy may also decrease the probability of primer binding to possible sites. Therefore, N-LAD and LAD primers were both necessary to characterize the T-DNA insertion sites. The complementary use of two kinds of primer pools would supply a more comprehensive understanding of the distribution of T-DNA in the genome. 
